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de hipertermia por radiofrecuencia

J. |. Lopez-Pérez! and L. A. Bermeo Varén?

ABSTRACT

The use of mathematical models to study complex systems such as physical and biological phenomena allows understanding their
behavior, specifically regarding variables and parameters that are difficult to obtain. Additionally, studying optimization techniques
has made it possible o approximate the characteristics of these systems by correlating numerical simulations and experimentation.
Radiofrequency hyperthermia therapy for cancer freatment is currently under consideration for future medical applications. However,
some of its properties are complex to measure, which could prevent their control. This is the case of electrical conductivity, which
depends on the induction frequency and the tissue characteristics. In this paper, radiofrequency hyperthermia therapy was simulated
via the finite element method. Then, an estimation of the electrical conductivity involved in the treatment was performed using the
particle swarm optimization method. The execution time and the difference between the estimated parameter and the exact value
were evaluated and compared with those obtained using the Levenberg-Marquardt method. The results indicate a significant agree-
ment between the estimated and exact values in three different cases. The Levenberg-Marquardt method has a difference of 0,1942%
and a performance time of 22 minutes, whereas the particle swarm optimization method has a difference of 0,0967% and a perfor-
mance time of 327 minutes. The latter performs better in terms of parameter value estimation, whereas the former has better compu-
tational fimes. These techniques may help medical doctors to prescribe treatment protocols and may open the possibility of devising
control strategies for hyperthermia therapy as a cancer freatment.

Keywords: electrical conductivity, parameter estimation, hyperthermia, Levenberg-Marquardt, radiofrequency, particle swarm op-
fimization

RESUMEN

El uso de modelos matemdticos para el estudio de sistemas complejos como los fendmenos fisicos y bioldgicos permite comprender
su comportamiento, especificamente con respecto a variables y pardmetros dificiles de obtener. Adicionalmente, el estudio de téc-
nicas de optimizacion ha permitido aproximar las caracteristicas de estos sistemas por medio de la correlacion de simulaciones nu-
meéricas y la experimentacion. La terapia de hipertermia por radiofrecuencia para el tratamiento del cdncer estd actualmente en
consideracién para su futura aplicaciéon médica. Sin embargo, algunas de sus propiedades son dificiles de medir, lo cual impediria su
conftrol. Este es el caso de la conductividad eléctrica, que depende de la frecuencia de induccidn y de las caracteristicas del tejido.
En este articulo se simulé la terapia de hipertermia por radiofrecuencia mediante el método de elementos finitos. Luego se realizd
una estimacién de la conductividad eléctrica en el tfratamiento mediante el método de optimizacién por enjambres de particulas.
Se evaluaron el tiempo de ejecucidn y la diferencia del valor estimado con respecto al valor exacto, y se compararon sus valores
estimados con los obtenidos mediante el método de Levenberg-Marquardt. Los resultados indican una concordancia significativa
entre los valores estimados y los exactos en tres casos diferentes. El método de Levenberg-Marquardt tiene una diferencia de 0,1942%
y un tiempo de ejecucién de 22 minutos, mientras que el método de optimizacién de enjambres de particulas tiene una diferencia
de 0,0967% y un tiempo de ejecucion de 327 minutos. Este Ultimo tiene un mejor rendimiento en términos de estimacion del valor de
los pardmetros, mientras que el otro tiene un mejor tiempo de ejecucidén computacional. Estas técnicas podrian ayudar a los médicos
a prescribir protocolos de tratamiento y aborir la posibilidad de disenar estrategias de control para la terapia de hipertermia como
tratamiento para el cdncer.

Palabras clave: conductividad eléctrica, estimacién de pardmetros, hipertermia, Levenberg-Marquardt, radiofrecuencia, optimi-
zacién por enjombre de particulas
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Mathematical modeling techniques are a tool to provide solutions
to complex systems in different fields of medicine and physiology
(Bratus et al, 2017). In these fields, it is possible to obtain a
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mathematical model of any system using the principles of physics,
chemistry, and biology (Selisteanu et al, 2015). However, these
models represent the approximate physical problem (Akhmedova
and Semenkin, 201 3), a behavior that suggests the implementation
of optimization algorithms that correlate mathematical models and
experimental data in order to obtain a better understanding of the
system (Rasdi et al,, 2016).

A considerable number of researchers use optimization algorithms
such as the Levenberg-Marquardt (LM) and Particle Swarm Opti-
mization (PSO) methods to obtain information from systems that
are difficult to measure (Chen et al,, 2010; Pereyra et al,, 2013). An
optimization problem consists of minimizing or maximizing an ob-
jective function, with the purpose of finding the best available in-
formation to solve a problem. In the case of a complex problem
with a unique solution, an optimization algorithm might find a local
minimum that does not represent the feasible solution. The PSO
method avoids these local minimums, allowing to find the global
optimum of the objective function (Matajira-Rueda et al, 2018;
Zhang, 2003).

Classical algorithms extract information sequentially, exploring the
solution space in a unique direction (Chuang et al,, 2012), whereas
optimization algorithms can explore the solution space in different
directions, increasing the probability of finding a feasible solution
(Cornejo and Rebolledo, 2016).

Optimization algorithms do not need to detail the structure or
behavior of the system: their function is to make random changes
to the probable solutions, using an adjustment function in multiple
variables in order to decide which solutions are optimal and com-
putationally efficient. The implementation of optimization algo-
rithms allows estimating the value of a variable in order to under-
stand the behavior of a system’s parameters under different con-
ditions.

Radiofrequency (RF) hyperthermia therapy is a treatment for the
partial or total elimination of cancer cells. It consists of increasing
the tissue temperature between 40 and 45 °C via the induction of
radiofrequency waves. This therapy is used as adjuvant therapy in
traditional cancer treatments (Colombo et al., 2003; Curto, 2010;
Horsman and Overgaard, 2007). Several researchers have con-
ducted simulations of RF hyperthermia therapies in order to un-
derstand its behavior. These include the use of the finite element
method (Gas, 2010; Gas and Miaskowski, 2015; Kurgan and Gas,
2009, 2010, 2011, 2015, 2016; Lv et al., 2005; Miaskowski et al.,
2010; Miaskowski and Krawczyk, 201 |; Miaskowski and Sawicki,
2013; Paruch and Turchan, 2018; Sawicki and Miaskowski, 2014;
Yang et al, 2005), the boundary element method (Majchrzak,
Drozdek, et al, 2008; Majchrzak, Dziatkiewicz, et al, 2008;
Majchrzak and Paruch, 2009, 2010), and the finite-difference
method (Deng and Liu, 2002). Other works have performed state
variables and parameter estimation, which correlates numerical
simulations and experimental data through algorithms based on
Bayesian inference.

In the study by Bermeo et al. (2015a), particle filters were used for
the temperature field and heat source estimation. Lamien et al.
(2017) and Bermeo et al. (2016a, 2016b) employed simultaneous
parameters and state variables estimation while using the Liu and
West filter, and Pacheco et al. (2020) the used Kalman filter to
estimate temperature distribution. These analyses only consider a
single frequency for the treatment. In the study by Lopez et al.
(2020), the estimation of electrical conductivity with three fre-
quencies was performed via the LM method, with acceptable re-
sults in terms of accuracy.
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Mathematical models in RF hyperthermia involve Maxwell’s equa-
tions (Maxwell, 1865) and the bioheat transfer equation (Pennes,
1948). The modeling process poses a difficulty in the case of elec-
trical conductivity in Maxwell’s equations, as the values are differ-
ent in intracellular and extracellular fluids, and, when the tissue is
exposed to a uniform field, this behavior indicates that human tis-
sue is inhomogeneous at a cellular scale (Ohmine et al., 2004;
Peters et al, 2001). However, electrical conductivity can be as-
sumed as constant in specific frequency ranges of the treatment
because the differences are negligible, i.e., for each frequency value,
there is a value of electrical conductivity. This assumption allows
the evaluation of the model under certain conditions, considering
that its environment is homogeneous (Gabriel, Gabriel, et dl,
1996; Gabriel, Lau, et al., 1996; Haueisen et al,, 1997; Kurup et dl,
2012; Schepps and Foster, 1980).

Thus, in this work, electrical conductivity is estimated via the PSO
algorithm, and the results are compared with the estimation pro-
cess performed by means of the LM method. The inverse problem
was performed via simulated temperature measurements in RF hy-
perthermia therapy with three different frequencies and powers.
The results include the analysis of the sensitivity coefficients of the
system and the statistical summary of the estimation process.

Particle Swarm Optimization method (PSO)

PSQO is a stochastic method for the continuous optimization of pa-
rameters based on population behavior. The algorithm imitates
the interactive behavior of the flocks of birds and banks of fish to
reach an optimal solution (Kennedy and Eberhart, 1995). The
method solves by improving a candidate solution, updating its ve-
locity and position according to its individual experiences, as well
as those of its neighbors (Chen et al,, 2010). The PSO is a widely
used tool for continuous optimization problems (Aazim et al,
2017; Alfi, 201 1; Bermeo et al,, 2015b; Munoz et al,, 2008; J. Tang
et al,, 2021).

In the PSO algorithm, the i-th particle is treated as a point within
a space of N dimensions, and it is represented by a vector Xij. The
best position found by the i-th particle is the position that produces
the best value of the objective function, represented by Pbestij,
while the best position found by the entire population is repre-
sented by Gbhestij. The velocity for the i-th particle is represented
by Vij. The velocity and position of the particles are calculated via
Equations (1) and (2) (Kennedy and Eberhart, 1995):

vV, (k+1)=wv, (k) +c:1R1[F>bestLj -%; (k)]

I
+CZR2[GbeSti‘j -%; (k)] 0

% (k+1)=x;(k)+V(k+1) ()

where C1 and C: are positive constants called the acceleration co-
efficients, and R1 and Rz are uniform random values for the interval
[0;1] (Lashkari and Moattar, 2016). Equation () calculates the new
velocity at which the particle moves in the solution area as a func-
tion of the current velocity and the position. W is the inertia coef-
ficient that influences particle velocity, which affects the explora-
tion capability of each individual towards the best location found
by it (local best) and by the swarm in the search space (global best)
(Kennedy and Eberhart, 1995). It allows particles to compensate
their exploration ranges between particular and global in order to
locate the optimal solution within a reasonable number of itera-
tions. Algorithm | shows the canonical form of the conventional
PSO algorithm, where S is the objective function, Np is the number



of particles population, Pbest is the particle position, and Gbest is
the best position of the particle.

Algorithm 1. Particle swarm optimization algorithm

Initial randomization for particle positions and velocities
WHILE termination criteria
FOR i=1 TO Np
Calculate S, of Prest particle
IF S < Sy
Slrl = SI
END IF
Calculate the velocity of the Preg; particle with (1)
Calculate the position of the Ppeg particle with (2)
END FOR
Calculate Gpes:
END WHILE
Source: Authors

According to Li et al. (2019), the implementation of an adaptive
inertia coefficient (W) allows the particle population to adjust more
precisely and quickly the exploration of the optimal solution, re-
ducing the search times for particular and global values in the con-
ventional implementation of the PSO algorithm. On the other
hand, the variation in the acceleration coefficients is used to im-
prove the speed of convergence towards the optimal global solu-
tion, thus allowing to reach this solution efficiently. Z. Tang and
Zhang (2009) proposed a temporal variation of the acceleration
coefficients in order to improve the exploration of the global op-
timum in the first stage of the optimization process and thus facil-
itate the convergence of the particles towards it. Equations (3)-(5)
describe this proposal.

W:Wmax_i/imax(wmax_wmin) (©)
Cl = Cmin + (Cmax - Cmin ) / ith + Cmax 4)
CZ = Cmax + (Cmax - Cmin )/ ith + Cmin )

The modified algorithm is shown in Algorithm 2.

Algorithm 2. Modified particle swarm optimization algorithm

Initial randomization for particle positions and velocities
WHILE termination criteria
Calculate w with (3)
Calculate Cy with (4)
Calculate C, with (5)
FOR i=1 TO Np
Calculate S of Peest particle
IF S < Sy
Sii= i
END IF
Calculate the velocity of the Pyes particle with (1)
Calculate the position of the Py particle with (2)
END FOR
Calculate Gpest
END WHILE
Source: Authors

The Levenberg-Margquardt method (LM)

The LM method is used to iteratively solve nonlinear least-squares
and linear problems for parameter estimation in highly complex
inverse problems (Huang and Huang, 2007). This method com-
bines the Gauss-Newton and gradient descent methods (Dattner
and Gugushvili, 2018; Kanzow et al., 2005) controlled by a damping
factor (). If the damping factor tends to zero, the speed of con-
vergence increases, and, if this factor tends to infinity, its

convergence is slow and stepwise (Zhang, 2003). Equations (6) and
(7) describe the parameter update and the objective function, re-
spectively (Rouquette et al., 2007).

Pet=P* [0+ ] I [Y T, ] (6)

Sea=[Y T ] [Y-T..] %)

where P“"! is the candidate parameter, J is the sensitivity matrix,
Q is the diagonal of the matrix J7J, Sk+1 is the likelihood function,
Y is the experimental temperature, and Tk is the numerical tem-
perature. This method for estimating electrical conductivity is de-
scribed in Algorithm 3.

Algorithm 3. Levenberg—Marquardt method

Initial randomization for the parameter
WHILE termination criteria
Calculate S+ with (7)
Calculate P**" with (6)
Calculate
IF Sk< Sk

H=10x u

ELSE

sz Pk+l

u=0,1xu
END IF
END WHILE

Source: Authors

Physical problem and mathematical formula-
tion

The physical problem considered in this work involves a cylindrical
domain with the physical properties of human muscle. The heating
is generated using RF through a copper coil of three spirals with a
radius of 8 mm and a cross-section of 70 mm, as presented in
Figure |. The heat in the domain is due to the electrical and mag-
netic loss of the therapy. The boundary conditions for the material
are considered to be convective heat flux in the lower and upper
surfaces and adiabatic boundary conditions around the domain.
The solution of the direct (forward) problem was obtained using
COMSOL Multiphysics® 5.3 and verified against the results pre-
sented by Hand et al. (1982) and Paruch and Turchan (2018).
These processes were performed on a computer with |6 GB RAM
and an i7-9750H processor.

0.05
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-0.05

0 m

0.05

m

Figure 1. Domain system
Source: Authors
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The electromagnetic and thermal models of the domain were ob-
tained via Maxwell’s equations (Gratiy et al, 2017) and the bioheat
transfer equation, respectively (Charny, 1992; Nakayama and
Kuwahara, 2008; Pennes, 1948). Maxwell’s equations are de-
scribed in Equations (8)-(1 ).

VxH=J ®)
B=VxA 9)
oD
J=cE+—
o +at (|O)
oA
E=-_2
e (1)

where H is the magnetic field, J is the electric current density, B
is the magnetic flux density, A is the magnetic vector potential, E
is the electric field, o is the electrical conductivity, and D is the
electric displacement field.

The biological heat transfer is defined by Pennes (1948) as shown
in Equation (12). Equation (13) presents the boundary conditions
in the domain length L and the directions I, z.

oT
pCE:V'kVT_wab(T_Ta)-I_Qm-I—Q (12)

oT
kS =h(T-T) r=0 z=0 z=L
o ( )or z z=1, (13)

Ten =

T, =L z20

where p is the density, Cp is the specific heat capacity, k is the ther-
mal conductivity, To is the initial temperature, a is the blood per-
fusion, Qm is the metabolic heat source, and Q is the heat source,
as determined through Equations (14)-(16).

Q:th+Qm| (|4)
1 .
Q,h:ERe(J-E) (15)
Q =5Re(in-H‘) (16)
ml 2

where Qrm is the electrical loss, Qmi is the magnetic loss, and Re is
the real part of the losses (Lakhssassi et al., 2010).

The heat source inside of the copper coil to avoid overheating is
calculated by means of Equation (17).

T, T
QO = Mtcpw 2In7l'r& (|7)

where Mt is the mass flow, Cpw is the heat capacity of water, Tin is
the initial temperature, I is the inner radius, and Ac is the cross
section of the coil.

Results

In the estimation process of the electrical conductivity, the PSO
and LM methods were evaluated using different frequencies and
powers (Table 1). The simulated temperature measurements
were considered in the inverse problem available at the center of
the domain every 30 s. To avoid an inverse crime (Kaipio and
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Somersalo, 2004), the simulated temperature measurements were
produced on a grid of 9 128 elements, while the inverse problem
solution was performed on a grid of 3 091 elements. The initial
conditions of the hyperthermia model were as follows: the tem-
perature of the environment was T; = 24°C, the initial temperature
of the cooling pad was Ti» = 20°C, the convection coefficient was
h=10W/m2K, the temperature in the domain was 24 °C
(r = 0,04; —0,04 < z < 0,04), and the thermal properties of the bi-
ological tissue Qm, c», and @» were zero because the domain was
simulated as a solid material. The parameter values were assumed
constant because the effects of temperature variation on the ther-
mal and electrical properties are negligible (Rossmann and
Haemmerich, 2014). This assumption is not possible at 10,0 MHz
because the temperature increase is too high. Table | presents the
electrical properties of the phantom with three different frequen-
cies and powers, and Table 2 shows the physical properties of the
domain.

Table 1. Electric properties of the phantom (muscle properties)

Nominal frequency [MHz] 0,1 1,0 10,0
Power [W] 1 000 600 300
Electrical conductivity [S/m] 0,362 0,503 0,617
Permittivity 8090 1 840 1710

Source: Hasgall et al. (2018)

Table 2. Physical properties of the domain

KIWIm.K)] | cDikgK] | plkgm’] o[Sim] &r "
Copper 400 385 1 090 5,998x107 | [
Air 0,024 0,240 1,086 0 | [
Water 0,580 4,230 997 5,500x10-6 | 80
Phantom 0,49* 3421% 1 090* see Table | 159

Source: Comsol Multiphysics (2012) and Hasgall et al. (2018)
Temperature field

Figures 2 to 4 show the simulated temperature measurements and
numerical simulation at the center of the domain {0,0; 0,0} at 0,1,
1,0, and 10,0 MHz. These results indicate an increase in the tem-
perature as the frequency increases. For 0,1 MHz, the tempera-
ture increase was 0,13 °C; 3,23 °C for 1,0 MHz; and 45 °C for
10,0 MHz. In terms of power, the temperature rises as the power
increases.
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Figure 2. Temperature field at 0,1 MHz
Source: Authors
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Figure 3. Temperature field at 1,0 MHz
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Figure 4. Temperature field at 10,0 MHz
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To establish the appropriate frequency and power to perform RF
hyperthermia, it is necessary to consider the thermal dose in the
treatment. Experimental studies have revealed that patients are
comfortable when the heating rate is 1,0 °C/min, which does not
cause considerable pain or severe damage (de Oliveira, 2014). In
this study, the mean rate at 0,1 MHz was 0,02 °C/min and 0,64
°C/min at 1,0 MHz. These rates are suitable for performing mild
RF hyperthermia therapy. For the case of 10,0 MHz, the rate was
1,8°C/min, which does not allow performing therapy. However, it
is possible to modify the power to reach an adequate thermal
dose, e.g, a frequency of 10,0 MHz at 100 W in approximately 9
minutes (Lopez and Bermeo, 2021).

Analyzing the sensitivity coefficients

The sensitivity coefficients were analyzed in order to determine
the parameters that influenced the temperature field in terms of
dependence and magnitude (Ozisik and Orlande, 2018). The coef-
ficients were calculated using the finite-difference approximation
method, as presented in Equation (18), which indicates the
changes that occur in the temperature due to a low variation in
the value of the parameters.

PJ *SPJ,...,PN) (|8)

ii

:{aTl(p)}T.(a,Pz,...,P, +6P s P) =T (R Py

oP; 2P,

where | is the sensitivity matrix, i is the time instant, j is the number
of the parameter, and ¢ is the perturbation of the parameter, rep-
resented at 10% of its nominal value.

Figure 5 shows the behavior of the sensitivity coefficients of k
(thermal conductivity), p (density), o (electrical conductivity), ur
(relative permeability), - (relative permittivity), and ¢, (heat ca-
pacity). Note that those of yr and &- have small magnitudes, indi-
cating a low influence on the temperature field, and the remaining
parameters exhibit linear dependence and large magnitudes. This
behavior reveals that a single parameter can be estimated. As men-
tioned in this paper, electrical conductivity was estimated despite
the limited information on this parameter in the literature.

6
4.
2k
8
c R
2 0 -
g :
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) .
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>
o -4 *
= k
= T
2 -6 p 1
& o .
8- — ur )
10 Er
+ cp
-12 . . :
0 50 100 150 200 250 300

Time(s)
Figure 5. Sensitivity analysis
Source: Authors

Results of the estimation using the LM Method

The LM method was implemented with three different frequencies
and powers (Table ). The method was executed 50 times, and a
statistical analysis was conducted in order to determine the elec-
trical conductivity. The stopping criterion was likelihood. The
study included the Shapiro-Wilk test (Shapiro and Wilk, 1965).
Then, the mean, the standard deviation, and a confidence interval
of 95% were calculated. Table 3 summarizes the estimation values.
Note that the p-value in the Shapiro-Wilk test for the total cases
is higher than 0,05, indicating that the results of 50 performances
correspond to a normal distribution. In this sense, the estimation
of electrical conductivity was represented by the mean, observing
that the value was very close to the exact value, which indicates
that the method accurately performed the estimation. Concerning
the confidence interval, note that the exact and estimated values
are within this interval.

Table 3. Results of the estimation of o via the LM method

:t::nzi)nal frequency 0,1 1,0 10,0

Shapiro-Wilk test (p-value) 0,4643 0,1057 0,2615
Exact o (S/m) 0,3620 0,5030 0,6170
Mean (S/m) 0,3604 0,5055 0,6175
Standard deviation (S/m) 0,0065 0,0130 0,0013
Confidence interval (S/m) 0,3513-0,3641 | 0,5009-0,5102 0,6170-0,6210
Computational time (min) 20,0856 22,1876 23,9812

Source: Authors
Results of the estimation using the PSO Method

The PSO method was implemented using the same condition as
the LM method. The algorithm was executed 50 times with a
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population of 50 particles for every computer simulation. The
stopping criterion was the maximum number of iterations (50 by
default). The study included the Shapiro-Wilk normality test, and
the results are presented in Table 4. Note that the results of the
50 performances correspond to a normal distribution. Thus, the
mean of a global best was very close to the exact value. The results
of estimates are similar to those found by the LM method.

Table 4. Results of the estimation of o via PSO

Nominal frequency

(MHz) 0,1 1,0 10,0

Shapiro Wilk test (p-value) 0,0764 0,2177 0,1432
Exact o (S/m) 0,3620 0,5030 0,6170
Mean (S/m) 0,3614 0,5033 0,6166
Standard deviation (S/m) 0,0021 0,0009 0,0016
Confidence interval (S/m) 0,3606-0,3621 | 0,5031-0,5036 | 0,6160-0,6171
Computational time (min) 315,1985 380,3298 286,1487

Source: Authors

Discussions

Tables 3 and 4 show the statistical analysis for the methods imple-
mented in RF hyperthermia therapy, demonstrating that the re-
sults obtained from the estimation are close to the exact value of
electrical conductivity, with a difference of 0,1942%. Note that the
maximum standard deviation of the total cases was 0,0130 S/m,
indicating that the estimation values have good precision. This be-
havior was verified with the 95% confidence interval, which reveals
that, within the range obtained, the exact value of the parameter
lies within 95% certainty.

In the case of the LM method, 50 estimations were performed.
Note that the mean values were very close to the estimated pa-
rameter. The estimated values were as follows: 0,3604, 0,5055,
and 0,6175 S/m for 0,1, 1,0, and 10,0 MHz, respectively. These
results indicate that the algorithm has a good convergence to the
exact value. In terms of the computational time, the mean time of
each estimation process was approximately 22 minutes, indicating
that it is a fast-convergence algorithm. The PSO method was eval-
uated on a population of 50 particles and 50 iterations as a stop-
ping criterion. Also, 50 estimation processes were performed,
where the solution was obtained from the position of the best
particle. The estimated values were 0,3614, 0,5033, and
0,6166 S/m for 0,1, 1,0, and 10,0 MHz, respectively. Note that this
algorithm achieved an excellent convergence of the electrical con-
ductivity value, with a difference of 0,0967%. In terms of the com-
putational time, the mean time of each estimation process was ap-
proximately 327 minutes, which indicates that it is an acceptable
convergence algorithm. This time could be lower if another stop-
ping criterion were considered instead of the number of iterations,
(e.g., the mean square error).

These results aim to predict the electrical conductivity in biologi-
cal tissues using mathematical simulations and optimization algo-
rithms on phantoms, where the final goal is to improve RF hyper-
thermia in terms of frequency and exposure time values, which
may help medical doctors with the planning of individual treatment
protocols. This also opens the possibility to design real-time con-
trol strategies.

Conclusions

This paper presents the application of two methods for estimating
electrical conductivity in RF hyperthermia therapy for cancer
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treatment. The estimation problem was performed using the LM
and PSO methods on a rectangular 2D axisymmetric system with
temperature measurements available at one single location inside
the domain. The estimation process was executed with three dif-
ferent frequencies and powers. The results were more accurate
and smoother with the PSO method, and an excellent agreement
with the exact values was obtained. In terms of computational
time, the LM method performed better because its stopping cri-
terion depends on the likelihood, whereas, for the PSO method,
it is the number of iterations.
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